Introduction
Cyclodextrins (CyDs) are among the main host molecules in supramolecular chemistry and are known to form supramolecular inclusion complexes with various kinds of guest molecules, based on host-guest interactions [1] [2] [3] [4] [5] [6] . New Abstract This article describes the structure of the inclusion complex that a β-cyclodextrin derivative 1, which includes a benzene ring tethered to a cyclodextrin moiety via a C,C-glucopyranoside spacer, forms when its concentration is 9 mM. As we have recently reported, 1 forms an intramolecular inclusion complex at a concentration of 2 mM. By contrast, detailed NMR structural analysis revealed that aspects of host-guest chemistry have been recently discovered using CyD derivatives bound covalently to a hydrophobic (guest) molecule, i.e., CyD-guest conjugates. Several studies have reported the diverse inclusion complexes formed by CyD-guest conjugates [7] [8] [9] [10] [11] [12] [13] [14] [15] . These complexes are fabricated from the incorporation of some parts of the guest molecule into the cavities of the CyDs via intramolecular or intermolecular inclusion interactions. Intramolecular inclusion interactions lead to the formation of self-inclusion complexes, whereas intermolecular inclusion interactions lead to the formation of noncovalentlybound pseudo-dimers or pseudo-oligomers. These CyDbased inclusion complexes often have unique structures and interesting properties. Therefore, to construct the inclusion complexes from the CyD-guest conjugates and to clarify their structures are important in CyD chemistry.
We recently reported the preparation and inclusion structure of the β-CyD derivative 1, in which a benzene group is tethered to the CyD moiety via a C,C-glucopyranoside group, as shown in Fig. 1 [16] . Compound 1 was designed to be a carrier of the anti-cancer agent doxorubicin (Dox). Our detailed analysis of NMR spectral data on solutions of 1 at a 2 mM concentration helped us determine its inclusion complex structure. The benzene group of 1 is located over the primary side of CyD, and the sugar moiety over the benzene ring lies parallel to the axis of the CyD's cavity, as depicted in Fig. 1(I) . This capped structure of 1 was a kind of self-inclusion complex resulting from the intramolecular hydrophobic interaction between the benzene group and the CyD cavity. We then showed that the formation of this self-inclusion complex considerably influenced the formation of the intermolecular inclusion complex between 1 and Dox.
We also performed NMR measurements for 1 at a 9 mM concentration and found that the 1 H NMR spectrum of 1 at this concentration differed from that at a 2 mM concentration. This evidence strongly suggested that the structure that 1 forms at a concentration of 2 mM is different from the one it forms at a concentration of 9 mM, which indicated that the inclusion complex structure of 1 might vary depending on the concentration of the conjugate. In CyD chemistry, it is often observed that the intermolecular inclusion behaviors of CyDs with guest molecules are different according to the molar ratios and concentrations [17] [18] [19] [20] . Concerning the CyD-guest conjugates, the conjugate concentration sometimes affects their behaviors and changes their inclusion complex structures [21] [22] [23] [24] . Since the change of the inclusion complex structures can lead to the expression of novel functions, to provide the CyD-guest conjugates possessing "concentration-switchable inclusion structures" is one of the current topics in CyD-based supramolecular chemistry.
This paper describes the detailed NMR structural analysis of 1 at a 9 mM concentration. By comparing the structure of 1 at a 9 mM concentration with our formerly reported structure of 1 at a 2 mM, we reveal the structural difference between the two concentration-dependent inclusion complexes of 1.
Experimental section
The preparation of 1 was described in our previous paper [16] . The one-dimensional (1D) 1 H NMR and two-dimensional (2D) rotating-frame nuclear Overhauser effect spectroscopy (ROESY) spectral measurements were performed with a 600 MHz JEOL ECA-600 FT-NMR spectrometer at 298 K. The 1D spectrum was obtained with 16 scans. The conditions for collecting the 2D ROESY spectrum were as follows: 5120 scans; mixing time 250 ms; spectral width 9000 Hz; data size 1024 (F 2 )/ 256 (F 1 ); relaxation delay 1.5 s. The MALDI-TOF-MS spectrum was recorded by a Voyager DE STR spectrometer (method: LDE1005; mode: linear; laser: 2500; positive mode). MALDI targets were prepared using 2,5-dihydroxybenzoic acid (DHB) as the matrix and implementing the dried droplet method. Compound 1 was dissolved in H 2 O at a concentration of 9 mM. Then, 1 µL of 1 at a 9 mM concentration was deposited on the MALDI target and allowed to dry in vacuum. The DHB solution was prepared by dissolving the compound in H 2 O (0.1% TFA, 1 mg/mL). Finally, 1 µL of the DHB solution was deposited on the MALDI target of the spot of 1 and allowed to dry in vacuum.
Results and discussion
Figure 2(i, ii) depicts the 1 H NMR spectra of 1 at a concentration of 2 and 9 mM in D 2 O, respectively. Some of the 1 H NMR spectral patterns of the solutions at the two concentrations were different from each other, and we proceeded to assign in detail the 1 H NMR chemical shifts of the 9 mM solution of 1. This assignment was performed by one-and two-dimensional NMR spectroscopic techniques, including 1 H NMR, 1 H-1 H COSY, and TOCSY (data not shown). Table 1 shows the 1 H NMR chemical shift assignments of 1 at a 9 mM concentration along with those of the 2 mM concentration solution that we previously reported. The 1 H NMR assignments clarified the differences in chemical shift of the proton signals of 1 observed at the two concentrations. Some specific proton signals attributed to the benzene ring and to the spacer at C2′-C9′ at a 9 mM concentration were shifted, compared with their counterparts at a 2 mM concentration. Figure 2 (iii) depicts the 1 H NMR spectrum of 1 at a 9 mM concentration in CD 3 OD. In this solvent, where no inclusion association is expected to occur, the ortho-, meta-and para-proton signals of the benzene moiety were observed as three separate peaks. The 1 H NMR spectral pattern of 1 in CD 3 OD was quite different from that observed in D 2 O. This evidence strongly suggests that the benzene ring moiety of 1 is involved in some inclusion association in D 2 O when the concentration of 1 is 9 mM. We also found that the inclusion structure that 1 forms at a To reveal the inclustion complex structure of 1 at a 9 mM concentration in D 2 O, we performed a ROESY experiment. Figure 3 reports the ROESY spectrum of 1 at a 9 mM concentration in D 2 O at 25 °C. Some observed long-range ROE interactions (a-h) are summarized in Table 2 . The conformational structure of 1 inferred from the observed ROE signals Fig. 4 . The ROE signal (a) results from the interaction between the proton of the benzene ring and the Ha9′, which shows that the plane of the benzene ring is likely to be nearly parallel to the C9′-Ha9′ bond axis and to be in a coplanar conformation. The ROE signal (g) results from the interaction between the H4′ and the Hb9′. ROE signals similar to (a) and (g) were also observed in the previously reported ROESY spectrum of 1 at a 2 mM concentration. Therefore, the conformational structures around the sugar ring-C9′-benzene ring of 1 are essentially the same for the two concentrations of the conjugate.
The ROE signals (d-f) and (h) were characterized at a 9 mM concentration of 1. Signal (d) resulted from the ROE interaction between Ha2′ and H5′, and signals (e) and (f) resulted from the ROE interactions of the Hb2′ with H7′ and H5′, respectively. On the other hand, no corresponding ROE signals were observed at all in the ROE spectrum of 1 at a 2 mM concentration. This evidence indicates that the conformational structures of the spacer part around the C1′-C2′ containing the amide bond are remarkably different at the two concentrations. Furthermore, signal (h) results from the ROE interaction between Ha9′ and the H4 on the glucose moiety of CyD linked with a C,C-glucopyranoside group. This means that the section of the structure that transforms from the sugar ring to the benzene ring bound to CyD is positioned outside the CyD cavity and that the benzene ring is conformationally parallel to the secondary side rim of CyD, as shown in Fig. 4(II) . This structure is different from that formed by a solution of 1 at a 2 mM concentration, which is reported in Fig. 1(I) . The proposed conformational structure of 1 at a 9 mM concentration reported in Fig. 4 might be one of the stable structures that occur when the host-guest intramolecular interaction between the benzene ring and the CyD cavity does not take place.
The observed ROE signals (b) and (c) result from the interactions between the proton of the benzene ring and the H3 proton of the glucose moiety of CyD linked with a C,Cglucopyranoside group. The ROE observations mean that the benzene ring is located near the secondary side of the CyD cavity. This conclusion is also supported by the features of the 1 H NMR spectrum. The ROE signals (b) and (c) and the above-mentioned ROE signals (a) and (d-h) indicate that 1 at 9 mM forms some kind of oligomer based on the intermolecular interaction between the benzene ring and the CyD cavity. To identify the oligomer, we measured the molecular weight of the oligomer using MALDI-TOF MS spectrometry. When the sample including 1 described in Experimental section was measured, the MALDI-TOF MS spectrum showed a [2 M + Na] ion peak at m/z 2877 in addition to a [M + Na] ion peak at m/z 1452. There was no observation of the ion peak showing a bigger molecular weight than the [2 M + Na] ion peak. Therefore, we could confirm that a dimer from 1 was formed as the result of the intermolecular inclusion complexiation between two molecules of 1. Furthermore, the 1 H NMR spectrum of 1, see Fig. 2 (ii), strongly indicates the formation of a single structure, so we concluded that a symmetric pseudo-dimer structure formed at a 9 mM concentration, whereby each of the two benzene ring units cap the secondary side of the CyD cavity of the other member of the 1-1 dimer, as shown in Fig. 5(III) . At a 9 mM concentration, the intermolecular interaction increases and promotes the formation of the intermolecular inclusion complex from two molecules of 1.
The molecular modeling of the pseudo-dimer of 1 is reported in Fig. 6 . Molecular modeling calculations were performed using the molecular force field method with MMFF94 which was installed on the Avogadro Application Ver. 1.1.1. Stabilization energy (ΔE) upon formation of the pseudo-dimer of 1 was calculated to be -274 kJ/mol, according to Eq.ΔE = E dimer -2 × E monomer , where E dimer and E monomer represent optimized total potential energies of the minimum pseudo-dimeric structure and monomeric capped structure from 1.
Conclusions
We found that the β-CyD derivative 1, which includes a benzene ring tethered to a CyD moiety via a C,C-glucopyranoside spacer, formed a symmetrically structured pseudodimer through the intermolecular inclusion complexiation between two molecules of 1 at a 9 mM concentration. The supramolecular structure of 1 at a 9 mM concentration was quite different from that observed at a 2 mM concentration. Thus, compound 1 is a molecule whose inclusion structure is concentration-switchable. We believe this study can provide the information as to the development of novel CyD-guest conjugates which have useful functions based on the concentration-switchable supramolecular structures. 
